Introduction
Delamination and spalling of the concrete cover due to degradation of concrete or corrosion of steel reinforcement ( Fig. 1) are the most common reasons why concrete structures need to be repaired. Either of the concrete degradation or the steel reinforcement corrosion are triggered by ingress of chemically aggressive substances which enter the concrete microstructure thru cracks. Therefore, the crack width is of importance when durability of concrete structures is considered.
Routinely, the crack width is controlled by arrangement of the ordinary reinforcing steel bars, when, however, the crack initiation cannot have avoided and already the crack width is targeted by prescription of the amount of reinforcement and spacing between the steel bars. This said, it is obvious that the cracks do occur and thus the resistance of concrete structures against ingress of aggressive chemicals is compromised.
One of the modern techniques for repairing concrete structures is installation of an overlay over the affected surface of a concrete structure. The overlay is made of a material which helps to disperse the major macrocrack in to multiple microcracks ( Fig. 2 ) which prohibit the ingress of the vulnerable substances into the concrete mass. The material used for the overlay is often referred to as the Engineered Cementitious Composite (ECC) and it also includes polyvinyl alcohol fibers (PVA) which help to modify the post-peak behavior if the concrete overlay, as can be seen in Fig. 2 . The tensile ductility in the form of pseudo strain hardening is achieved by the multiple cracking of the cement matrix. The research of the tensile behavior of PVA-ECC has shown the formation of a large number of tiny cracks with a width of less than 60 μm, [1, 2] . The presence of microcracks provides high durability of this material because the transport of environmental products into the concrete takes place through the cracks with a width above 0.1 mm [3] . Fig. 1 Damage of concrete cover (two types) Fig. 2 Tensile stress-stain behavior of (A) brittle, (B) quasi-brittle, (C) strain softening, (D) strain hardening materials [4, 5] Besides the enhanced ductility, the adhesion properties of the repair material play the crucial role in concrete cover repair. The new layer should provide reasonably high bonding performance with the old concrete substrate and the reinforcing steel bars so that the full interaction between the two materials is ensured. According to available research [6] , PVA-ECC allows for much stronger bond compared to ordinary mortar, which makes PVA-ECC suitable for the described purposes. Thus, this study deals with concrete to PVA-ECC bond only.
The numerical simulation of the structural response of a reinforced concrete with a PVA-ECC overlay shown in this paper utilizes the Rigid-Body-Spring Model (RBSM) method which is suitable for both the static and dynamic analyses. This method was selected as it helps to analyze the crack patterns and the crack widths. This method also allows to investigate the possible delamination effect which may occur in the reinforced concrete structural detail considered in this paper.
RBSM modelling
The Rigid-Body-Spring Model (RBSM) is a type of a discrete method model which was invented by Kawai, [7] . The main benefit of the RBSM is the ability to model difficult three-dimensional behavior of a material, such as concrete, by using a relatively simple constitute model that can be validated easily by classical benchmark tests. The random geometry of the particles, which is mostly provided by Voronoi tessellation, [8] , helps to simulate crack patterns and their propagation. The material is modeled as a set of undeformable rigid-bodies interconnected by sets of springs on their surfaces. The Voronoi cell shape rigid particles are generated to reduce mesh bias on the crack initiation and propagation, which is ensured by the random geometry.
In the model used in the presented analysis, each rigid-body has six degrees of freedom (three translational and three rotational) defined at the nuclei of the Voronoi cells. The center of gravity and the vertices of the boundary surface created by two neighboring particles is split into triangles, as shown in Fig. 3 . Then, one normal and two shear springs are defined at the center of gravity of these triangles in order to account for the effect of bending and torsion without the use of rotational springs, [9] , which reduced the number of material parameters.
Fig. 3 Rigid-Body-Spring Model (RBSM)

Description of concrete substrate
The material model within the 3D RBSM for the concrete substrate (original concrete part of the structure) in tension, compression and shear is defined in figure 4 for easy understanding. It should be noted that all material parameters used later in the analyses are provided here.
The tensile stress-strain relation for the normal springs is linear elastic with the slope corresponding to an elastic modulus, E, up to tensile-strength dependent value σt with the bilinear softening behavior after cracking as shown in Fig. 4 , a), [9] [10] [11] . In Fig. 4, a) , ft is the tensile strength, Eexp, is the experimentally obtained elastic modulus, Gf is the fracture energy and h is the distance between the nuclei of the neighboring rigid-bodies.
The compression model for the normal springs is modeled as a combination of two quadratic functions with the resultant S-shape curve (Fig. 4, b) ). In Fig. 4, b) , fc is the compressive strength. The compressive failure is not considered in the model since the failure is always decided by tension, or shear, [9] [10] [11] . The compression model is given by the following formulas:
The shear stress-strain relation is defined as a combination of the stresses and strains of two shear springs (γl, γm), where l and m denote two perpendicular directions. The shear stress is increasing elastically with the slope of the shear modulus, G, up to the shear strength, τf. Then, the softening behavior is assumed (Fig. 4, c) ). The slope of softening, K, depends on the normal spring stresses through the softening ratio, β, that is increasing up to the maximum value with increasing of the tensile stresses (Fig 4, d) ). [9] [10] [11] . The shear behavior is defined by the following formulas:
where σb is the stress, which corresponds to the real compressive strength of concrete, as it is common in numerical analyses. In other words, σb corresponds to the mean value of compressive strength provided by construction standards, such as [12] . The Mohr-Coulomb type criterion is assumed as the shear spring failure criteria (Fig. 4, e) ), [9] [10] [11] . The decrease of the shear stress with the increase of the crack width is taken into consideration as follows, [9] [10] [11] :
Description of PVA-ECC
The material model within the 3D RBSM for the PVA-ECC in tension was taken from the experimental investigation of the PVA-ECC with 2% fiber content, [13] , and is shown in Fig. 5, a) . The normal spring in tension is modeled as linear elastic up to the tensile strength σt with a linear hardening branch after cracking and a bilinear softening behavior after crack localization. The strain characteristics of the PVA-ECC derived from the fracture energy of concrete with the assumption that PVA-ECC behavior before cracking and after crack localization is similar to concrete behavior, [13] .
Since the compression behavior of the PVA-ECC is close to concrete (Fig. 4, b) ), [13] , the compression model of the PVA-ECC is assumed to be the same as in the material model for concrete and is given by Eqs. 1 thru 6. The shear stress-strain diagram is shown in Fig. 5,   b ) where the slope of softening K also depends on the normal spring stresses through the softening ratio β (Fig. 4, d ) and thus is also given by Eqs. 7 thru 11. The Mohr-Coulomb type failure criterion is also assumed (Fig. 4, e) ), where 
Description of bond between two materials
The trend of the stress-strain curve of the bond is similar to the stress-strain curve of the PVA fibers in tension, [14] , which means that the bond is provided mostly by the PVA fibers. The tensile bond behavior was presented in previous numerical and experimental study in [6] where the stress-strain tensile relation is expressed by a cubic parabola up to the failure without any softening brunch, as shown in Fig. 6, a) , where δ is the relative strain, δu is the ultimate relative strain, Δu is the relative normal displacement of the spring, Δutu is its ultimate relative normal displacement and a, b and c are shape parameters [6] .
The bond compression strength is accepted as the average of the strengths of the PVA-ECC and concrete. The stress-strain relation is shown in Fig. 4, b) .
The shear behavior is similar to that in tension and is shown in Fig. 6, b) , where δsh is the relative shear strain, δshu is the ultimate relative strain, Δush is the relative shear displacement of the spring and Δushu is its ultimate relative shear displacement. The shear spring model has no softening branch, but the Mohr-Coulomb type failure criterion shown in Fig. 4, e) is assumed.
Numerical analysis of frame corner
The effectiveness of the PVA-ECC layer for crack control was investigated on one of the most exposed structural details of reinforced concrete structures, which was the frame corner subjected to the bending moment acting in both directions, i.e. closing (case 1) and opening (case 2) the frame concrete, Figs. 7 and 8. The numerical analysis of this structural detail was performed for two configurations, firstly for reinforced concrete only, Fig. 7 , and secondly for the same detail but with installed the PVA-ECC overlay on both surfaces, Fig. 8 . A numerical code was developed in Matlab which used the non-linear 3D RBSM method. The material parameters considered in the analyses were as follows. For concrete, the modulus of elasticity, Eexp, was 35 GPa, the tensile strength, ft, was 3.5 MPa, the compressive strength, fc, was 40 MPa and the fracture energy, Gf, was 100N/m. For the PVA-ECC, the modulus of elasticity, Eexp, was 20 GPa, the tensile strength, ft, was 5 MPa according to experiment data presented in [13] , the compressive strength, fc, was 50 MPa. For the bond between concrete and the PVA-ECC, the tensile strength, ft, was 1.5 MPa according to [6] , the compressive strength was fc=(fc,conc+ fc,ECC)/2 = 45 MPa, the ultimate relative normal displacement, Δutu, was 0.473 mm and the ultimate relative shear displacement, Δushu, was 1 mm.
Fig. 7 Analyzed reinforced concrete (RC) frame corner
The two different load cases (case 1 and case 2) were applied on both the configurations, with and without the PVA-ECC overlay, while the height of the crosssection for both configurations was same, Figs. 7 and 8.
Since the cross-sections were symmetrical, the loadbearing capacity and thus the acting loads were the same for both cases, only the direction differed. The reinforcement consisted of 4 steel bars (B500B steel grade) with the diameter of 20 mm on each side of the cross-section, Figs. 7 and 8. The maximum bending moments for the serviceability limit state (the maximum crack width of 0.2 mm) and the ultimate limit state were calculated according to the Eurocode 2 [12] . The values of bending moments were for the reinforced concrete cross-section and that with the PVA-ECC overlays 140 kNm and 203 kNm respectively. The calculated bending moments caused elongation (displacements) of the steel bars, which is then used as a prescribed displacement in the numerical analyses.
Fig. 8 Analyzed RC frame corner with overlays
The displacement-controlled modified NewtonRaphson method was used. The convergence of the algorithm was judged against the criterion of the Σ(Reaction of elements in the model) 2 was less than 10 -6 . The maximum number of iterations at a load step was limited to 400. When the exact equilibrium (less than 10 -2 ) within the maximum number of iterations was not reached, the analysis proceeded to the next step, as recommended in [15] for RBSM analyses.
Results and discussion
The crack patterns and cracks width, which were obtained as the results of numerical analyses, are shown in Figs. 9 thru 12 along with the maximum computed crack widths.
In the case 1, the shear and flexural cracks developed in the both configurations while the dominant damage was caused by flexure. A partial cover layer delamination was also observed between the concrete and the outer PVA-ECC overlay. A partial pop out of concrete at the inner corner was the consequence of deformation restriction inherent to concave shapes, as can be seen in Fig.  9 for the reinforced concrete specimen. The computed crack width in the serviceability limit state (SLS) for the RC specimen with overlays was slightly higher due to cohesion zone formation, as can be seen in Fig. 10 . This phenomenon is associated with the ductile properties of the PVA fibers, which play a major role in the bond creation and thus assist the load-bearing capacity, while the adhesive bond is destroyed at much smaller deformations, [6] . The ultimate limit state (ULS) crack width of the RC specimen with overlays was lower in comparison with the RC specimen, which was caused by the PVA-ECC high performance and tensile strain hardening behavior before the crack localization. In the case 2, the RC specimen was critically damaged in flexure. Only few residual microcracks could be observed besides the main flexural crack, as can be seen in Fig. 11 . On the other hand, two significant flexural cracks were observed in the concrete part of RC specimen with overlays, Fig. 12 . The cracks on the surface of the PVA-ECC overlay were much smaller. Damage in the cohesion zone and partial cover layer delamination were present similarly as in the case 1. The maximum crack width in the RC specimen with overlays was noticeably lower than that in the RC specimen. 
Conclusions
The two following conclusions can be drawn from the obtained results. Firstly, according to the results of numerical analyses, the PVA-ECC overlays help to reduce crack width. Therefore, the rate of the ingress of aggressive chemicals in the concrete microstructure thru the cracks can be reduced, which is in accordance with the experimental investigation reported in [16] . It was also observed that the PVA-ECC provided a strong bond with concrete substrate with marginal occurrence of delamination. Thus these properties make the PVA-ECC a suitable material for concrete cover repairs.
Secondly, the Rigid-Body-Spring Model (RBSM) method proved suitable for analyses of the contact problems and crack width assessment in reinforced concrete structures, as the crack width is the immediate result in the form of the mutual displacement of the adjacent rigidbodies. The Voronoi tessellation also proved suitable for modeling the concrete microstructure, as its random distribution helps to analyze the crack patterns.
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